Introduction
Chronic insomnia disorder (CID) is one of the most common sleep disturbances, often presenting with difficulties in initiating and/or in maintaining sleep, and the experience of significant daytime consequences, such as fatigue, memory problems, and poor psychosocial function. 1 This condition occurs in 6%-10% of the population (especially in women and older adults) and is often associated with a wide range of negative health outcomes and poor quality of life. 2 With advances in neuroimaging techniques, functional brain imaging, in particular, has emerged as a useful tool for exploring the neuromechanisms of insomnia and the neural correlates of the associated symptoms. 3 Several structural magnetic resonance imaging (MRI) studies 4, 5 have indicated variant neuro-structural modifications in the hippocampus (Hipp), 6 anterior cingulate cortex (ACC), 7 and orbitofrontal cortex (OFC); 8, 9 despite this, there are relative inconsistencies among the available studies. Functional neuroimaging evidence has not only demonstrated hypoperfusion and abnormal metabolism, but also provided evidence of the existence of the hyperarousal of several systems. 10, 11 Apart from both task-based and resting-state studies, functional MRI (fMRI) has provided further findings, such as hypo-activation or hypo-activity in the prefrontal cortex, 12 emotional circuits, 13 and working memory areas, 14 as well as over-activity in the default mode network (DMN). 9 Furthermore, altered local 15, 16 and remote functional connectivity 17 and frequency-dependent changes in low-frequency oscillations (LFO) 18 have also been observed in CID patients. The human brain involves distributed processing and is a complex modular organizational system of which robust homotopic connectivity is a key characteristic, in addition to the organizing principles of the intrinsic functional architecture of the brain across the lifespan. 19 Voxel-mirrored homotopic connectivity (VMHC) is designed to quantify the high degree of synchrony in the spontaneous activity of mirrored structures of the brain, likely reflecting the importance of interhemispheric communication in the integration of brain functions that underlie coherent temporal activity and its associated behavior and cognition. 19, 20 A number of studies have already demonstrated that VMHC is a reliable and reproducible resting-state fMRI (rs-fMRI) metric, 19, 20 and have revealed aberrant interhemispheric functional connectivity in several neuropsychiatric disorders, including nonclinical depressive symptoms, 21 schizophrenia, 22 traumatic axonal injury, 23 and postherpetic neuralgia. 24 In general, the corpus callosum and local neuronal status play central or key roles in mediating this coordination; the former provides fiber connections that straddle both sides of the brain, while the latter impacts the interhemispheric coordination involved in functional coherence. 19, 25, 26 In this study, we hypothesized that alterations in homotopic connectivity may provide a sensitive indicator of the effects on interhemispheric communication inflected by the coherent temporal activity; this result is due to insomniaassociated regional neuronal status in patients with CID. However, there have been no studies that have investigated possible impairments in homotopic resting-state functional connectivity in CID patients so far. In this study, we investigated VMHC in order to reveal potential differences in interhemispheric mirrored connectedness between a group of CID patients and a group of healthy controls (HCs). In addition, we used a seed-based intrinsic functional connectivity analysis to reveal the heterotopic connectivity patterns in seed regions with altered VMHC (flowchart in Figure 1 ).
Briefly, we believe that the interhemispheric intrinsic functional connectivity patterns could reveal abnormalities in the connectedness across the whole brain, which could contribute to an improved understanding of interhemispheric functional coordination in CID patients.
Participants and methods study participants and clinical assessment
At first, 32 paired gender-, age-, and education level-matched CID patients and HCs who were recruited from the local hospital and community underwent MRI scanning, but only 29 CID patients and 30 HCs were ultimately included due to excessive abnormal white and gray matter (GM) appearances and head movement, respectively.
This study was approved and performed in accordance with the guidelines of the Medical Research Ethics Committee and the Institutional Review Board of the First Affiliated Hospital, Nanchang University, China, and in accordance with the Declaration of Helsinki (2000). All subjects read and signed written informed consent before beginning any of the study procedures.
The inclusion criteria for the CID group were as follows: (1) aged between 25 and 60 years; (2) an independent primary insomnia syndrome, as defined and diagnosed by the Diagnostic and Statistical Manual of Mental Disorders, version 5 (DSM-5) criteria; 27 (3) duration of insomnia1 year, with sleep difficulty occurring at least 3 nights per week with accompanying distress or daytime dysfunction; and (4) no history of mood disorders or other psychiatric diagnoses and no clinical history of stroke or other severe cerebrovascular diseases, including other diseases revealed by the neuroradiological assessment of the conventional MR images. All CID patients reported difficulty in initiating or maintaining sleep or having non-restorative sleep, and they were free of medications. All the subjects were instructed not to consume caffeine, alcohol, or other specific central nervous system (CNS) medications for 48 h before the scanning.
The exclusion criteria for the CID patients and HCs were as follows: (1) clinical evidence of other sleep disorders, such as restless legs syndrome, narcolepsy, or obstructive sleep apnea; (2) abnormal sleep-wake rhythms determined by sleep-wake cycles of sleep (such as day and night alternating work); (3) severe general medical disorders, including diabetes, hypertension, cerebrovascular disease, heart diseases, or respiratory diseases; (4) 
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altered VMhc in ciD Depression Scale35), psychosis, or illicit alcohol or drug abuse; (5) MRI contraindications, such as metallic implants, claustrophobia or devices in the body; (6) Epworth sleepiness scale show doze off or fall asleep in the fMRI scanning; and (7) MRI data quality that did not meet the requirements, which included head movement in the rs-fMRI data that was less than 2 mm of translation along any axis and less than 2° of angular rotation along any axis.
Each participant underwent a battery of tests that included a detailed clinical interview, physical examination, and clinical follow-up by trained doctoral-level individuals. The Pittsburgh Sleep Quality Index (PSQI) measures sleep quality and disturbances in sleep quality; it includes nine questions (PSQI5 indicates poor sleep quality) that reflect seven problems of sleep quality, ie, duration of sleep, subjective sleep quality, latency, habitual sleep efficiency, sleep disturbance, the use of sleeping medication, and daytime dysfunction. 28 According to the DSM-5 diagnostic criteria and the literature, the State Trait Anxiety Inventory-state (STAI-s), the State Trait Anxiety Inventory-trait (STAI-t), and the Beck Depression Inventory-II (BDI-II) scores were derived from an interview with the participants, which were used to identify state anxiety, trait anxiety, and depression (emotional disorders), respectively.
Mri data acquisition
All the MRI data were acquired with a 3. 
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Zhou et al magnetization-prepared rapid acquisition gradient echo sequence for spatial registration. The parameters were as follows: TR/TE=1,900 ms/2.26 ms, matrix=240×256, FOV=215×230 mm, and 176 slices with 1.0 mm thickness and without a slice gap. Additional conventional T2-weighted and T2-fluid-attenuated inversion recovery (FLAIR) images were acquired of the brain for the diagnosis of each subject. All subjects were asked to remain awake without systematically thinking and to lie quietly in the scanner with their eyes closed during scanning. At the end of the scanning sessions, in regard to their waking state, all subjects were required to report that they had not fallen asleep during the scan via the Epworth sleepiness scale questionnaire.
Mri data preprocessing
The rs-fMRI data preprocessing was conducted using the Data Processing and Analysis of Brain Imaging (DPABI) v2.1 (http://www.rfmri.org/dpabi) toolbox, 29 which is based on the Statistical Parametric Mapping software (SPM12, http://www.fil.ion.ucl.ac.uk/spm/software/spm12/) for the MATLAB platform (The MathWorks Inc., Natick, MA, USA), using a method consistent with protocols of previously published studies. 23 The preprocessing steps included the following: (1) discarding of the first 10 images to eliminate any magnetic saturation effects, and the remaining 230 images were used for further preprocessing; (2) slice-time and motion corrections; (3) registration of the high-resolution individual T1-weighted images to the mean functional data; (4) segmentation of the high-resolution T1-weighted images with the Diffeomorphic Anatomical Registration Through Exponentiated Lie Algebra (DARTEL) toolkit (this data also used in the analysis of local gray matter density) and generation of a group template; (5) transformation and normalization of the resulting aligned data to the Montreal Neurological Institute (MNI) space with the segmented information from DARTEL; (6) resampling of the normalized rs-fMRI data to 3×3×3 mm voxels and spatial smoothing with an isotropic 6-mm FWHM Gaussian kernel; (7) nuisance linear regression with the white matter, cerebrospinal fluid, and Friston-24 head motion parameters (including 6 head motion parameters and their historical effects as well as the 12 corresponding squared items); 30 and (8) removal of the linear trend and temporal bandpass (0.01-0.1 Hz) filtering.
Finally, each subject was limited to a maximum displacement in any cardinal direction (x, y, z) of less than 2 mm and a maximum rotation (x, y, z) of less than 2° during each rs-fMRI scan. We also evaluated the group differences in head motion between the CID patients and the HCs according to the criteria of Van Dijk et al 31 ( Table 1) .
calculation of voxel-mirrored homotopic connectivity
To obtain the interhemispheric connectivity at the singlevoxel level, VMHC was performed using the DPABI toolkit. A group-specific symmetrical left-right hemisphere template was generated from the normalized T1 image of all subjects to minimize the geometric differences between hemispheres. 19 The same transformation of the T1-weighted image was then applied to the individual preprocessed resting-state functional images. For each subject, the homotopic connectivity coefficient was computed as the Pearson correlation between every pair of mirrored interhemispheric voxels' time series. A group mean of VMHC was calculated to show the spatial distribution in the CID and HC groups.
heterotopic connectivity pattern in the altered homotopic regions
For the examination of the specific networks that were influenced by homotopic connectivity, regions with altered VMHC were selected as regions of interest (ROIs). The mean time course of each of the ROIs was extracted, and the whole-brain voxelwise Pearson's correlation coefficient (CC) associated with the mean time series of each ROI was computed. Individual connectivity maps were converted using Fisher's z-transformation to improve the normality and the group comparison.
statistical analyses
We compared the demographic and clinical metrics between the two groups using SPSS software (version 18.0; IBM, Armonk, NY, USA). An independent two-sample Student's t-test was used to compare the differences in age, education, and mean head motion, as well as the PSQI, Beck Depression Inventory-II, STAI-s, and STAI-t scores, and the chi-square test was used to compare the differences in gender (categorical data). P-values0.05 were considered statistically significant. After Fisher's z-transformation, the resultant homotopic correlations were used for subsequent group analyses at the voxel level using SPM12, including general linear model (GLM) two-sample t-tests for the groups of VMHC with the conjunct GM template/mask (with age and gender treated as covariates; voxelwise P0.001, Gaussian random field (GRF) theory connected cluster level, P0.05).
We also performed t-tests to compare the global VMHC within a unilateral hemispheric gray matter mask (same VMHC in each pair of homotopic voxels), which was created using the MNI152 gray matter tissue prior in FMRIB's software library (FSL) (threshold = 25% tissue-type probability). The significance threshold was P0.05 with the Bonferroni multiple comparisons correction.
The individual z-scores of heterotopic connectivity maps were entered into a GLM two-sample t-test in SPM12 to identify the regions of altered connectivity patterns with a significantly altered homotopic region (with age and gender treated as covariates; voxelwise P0.001, GRF connected cluster level, P0.05).
The relationships among the VMHC in the altered brain regions, average connectivity coefficient measured in altered VMHC-associated connectivity regions, regional density, and the clinical metrics (disease duration of insomnia and PSQI scores) were evaluated using partial correlation analyses in SPSS for the CID group, with age and gender treated as covariates. The significance level was set to P0.05.
Discriminant analysis
Regions with significant between-group differences were selected as ROIs for receiver operator characteristic (ROC) measurements to evaluate the ability of the VMHC values from the ROIs to distinguish the CID patients from HCs. A leave-one-out cross-validation (LOOCV) test was used to assess the validity of the results.
Results

Demographics and clinical characteristics
In total, 29 CID patients and 30 well-matched HCs were enrolled for the VMHC analysis in this study, they reported a 0 score on the Epworth sleepiness scale, and their demographic and clinical characteristics are shown in Table 1 Figure 2 shows the spatial distributions of the group means of VMHC for the CID and HC groups, respectively (P0.001, false discovery rate-corrected). In the CID group, the higher VMHC was mainly distributed in the posterior cingulate cortex (PCC), precuneus (PCUN), ACC, primary visual cortex (V1), and the precentral gyrus (PrCG), with a spatial pattern similar to that of the HC group.
The differences in the VMHC between the CID patients and the HCs are shown in Table 2 and Figure 3 
Discriminatory analysis of the VMhc indexes
To verify the ability to distinguish the CID patients from the HCs, the mean connectivity coefficients were extracted from the regions with significantly decreased VMHC in the CID patients. The ROC analysis revealed that the areas under the curves (AUCs) for the four regions were 0.772 for the right or left MOG/pMTG ( Figure 5 and Table S1 in 
Discussion
To the best of our knowledge, this study is only one of a few to have used VMHC mapping to investigate interhemispheric functional coordination in CID patients. 32 Here, three findings should be noted. First, the main finding of this study was the significantly reduced VMHC observed in the right and left MOG/pMTG of the CID patients. Further, the ROC and LOOCV analyses showed a moderate sensitivity and specificity of the homotopic connectivity of the MOG/pMTG as a differentiating indicator. Second, the heterotopic connectivity patterns were different between the right and left MOG/pMTG: decreased interhemispheric connectivity was observed in the right MOG/pMTG, whereas alterations in both the inter-and intra-hemispheric connectivities of the left MOG/pMTG were observed. Third, a significant correlation was observed between the STAI-s and STAI-t scores and the heterotopic connectivity coefficient in the regions with decreased VMHC (left or right MOG/pMTG) in the CID patients.
In this study, we observed only significantly reduced VMHC in the CID patients in the right and left MOG/ pMTG. Evidence from functional neuroimaging studies has revealed that one structure of the reduced cluster, the MOG, shows a preference for spatial over non-spatial processing of auditory and tactile stimuli, and category-selective, 
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Zhou et al attention-modulated unconscious processing. 33 Another structure, the pMTG, on the other hand, seems to be a part of the traditional sensory language area. 34 As far as we know, no structural studies have suggested that the MOG and/or the pMTG have anatomical atrophy or disrupted connectivity via white matter fibers in primary insomnia, including our study (negative finding of white matter fibers in the MOG and/or the pMTG, shown in Figure S1 ; Supplementary materials 2 show the detailed tract-based spatial statistics [TBSS] analysis). However, in previous fMRI studies, an increased intrinsic activity has been demonstrated in the MOG in CID patients 18 and in cases of sleep deprivation, 35 but altered homotopic connectivity has not been reported in the MOG or pMTG. In fact, only increased VMHC has been found in healthy participants after sleep deprivation 36 or with insomnia symptoms 32 in the hyperarousal (thalamus/ posterior insula), salience (anterior insula), and visual (fusiform and lingual gyrus) networks. This finding of compensatory increases in homotopic connectivity may initially be adaptive in sleep deprivation or a status of acute insomnia. However, in our study, the insomnia patients have endured a relatively long period with not getting enough sleep and/or daytime symptoms, resulting in disrupted interhemispheric intrinsic functional connectivity at the resting state. Disrupted homotopic connectivity of the MOG and/or the pMTG might link the daytime impairments reported in patients with insomnia, like spatial memory decline and distraction. 2, 14 Our findings in CID patients are different from those of previous studies of interhemispheric connectivity in sleep deprivation 36 or acute insomnia 32 subjects. Thus, for the patients who suffer from long-term insomnia, negative findings in terms of both local gray matter densities and fractional anisotropy of white matter skeletal measures, together with decreased VMHC in the MOG/pMTG, have indicated an interhemispheric incoordination in functional coherence.
In the current study, another important finding was the disparate heterotopic connectivity patterns in the right and left MOG/pMTG. A decreased connectivity pattern in the abovementioned regions, along with the altered heterotopic connectivity of the right and left MOG/pMTG, may reflect a functional decline in the processing of emotion-related cognitive functions, whereas higher order cognitive functions, including language and spatial attention, are predominantly lateralized, thus requiring integration of hemispheric information. 37 Our analyses showed that significant correlations between both the STAI-s and STAI-t scores and the connectivity coefficient in the insomnia-related heterotopic connectivity of the right and left MOG/pMTG were related 
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altered VMhc in ciD in the currently reported regions is also disturbed under task conditions or whether this functional status is improved after treatment. Additionally, the underlying mechanisms of altered homotopic connectivity in patients with CID are largely unknown; future research that uses other techniques such as TMS is necessary to clarify the homotopic connectivity mechanisms in CID patients.
Conclusion
In conclusion, this study revealed aberrant homotopic connectivity in the right and left MOG/pMTG in CID patients, with different insomnia-related heterotopic connectivity patterns in these regions with decreased VMHC. Alterations in the homotopic intrinsic connectivity of the MOG/pMTG and the associated heterotopic connectivity may provide a useful and sensitive screening approach for observed chronic insomnia status impacted by interhemispheric communication.
to higher levels of anxiety (STAI-s and STAI-t) in the CID patients, which may represent an important factor in anxiety associated with insomnia. In this study, insomnia-related alterations in the homotopic and heterotopic connectivities of the right and left MOG/pMTG together indicated that the reduced interhemispheric coherence observed in patients with CID might be due to a mismatch in the temporal patterns of neuronal intrinsic activity or of the functional statuses of the regions mentioned above.
Finally, the decreased VMHC of the MOG/pMTG could differentiate CID patients from control subjects with moderate sensitivity and specificity. To the best of our knowledge, few studies have attempted to use connectivity metrics from rs-fMRI analyses as a classification tool for diagnosing CID. Hence, the classification results presented here are preliminary because they have not been verified in a separate group. VMHC metrics might be useful for diagnosing or for pattern recognition in CID patients, but further studies are warranted.
In addition, a recent state-of-the-art analysis was used to investigate the physiopathological mechanism in patients with CID, but it should be noted that noninvasive brain stimulation techniques (such as transcranial magnetic stimulation [TMS]) could probe cortical excitability in vivo, in terms of functional connectivity and neurochemical pathways. 38 Plasticity phenomena due to TMS might provide a further understanding of the role of neurotransmission pathways and the remodeling of networks, which could be used to explore interhemispheric functional connectivity in CID patients.
This exploratory finding is promising, but some limitations should be noted. First, the sample size of this study was relatively small; thus, the findings will require replication in a larger study. Second, in this study, only three neuropsychological tests were used, and we observed no significant differences in depression or anxiety among the CID patients in this study. In the future, we could include a broader spectrum of tests to evaluate the emotional and cognitive functions of CID patients. Third, the human brain is not symmetrical. We tried to solve this issue by applying a symmetrical structural template and by smoothing the functional data to improve the functional correspondence between homotopic regions. Hence, morphometric asymmetry could not account for the altered VMHC. Fourth, these current results were obtained under a resting condition, without participants' electroencephalograph state in MRI scanning. Future studies should combine both resting-state and task-based fMRI (with monitoring electroencephalograph) to observe whether the interhemispheric connectivity 1239 
Processing of the DTi data and tractbased spatial statistics (TBSS) analysis
The DTI data analysis was performed using the FSL program tract-based spatial statistics. The analysis is briefly described as follows: each participant's DTI data were concatenated and corrected for eddy currents and motion using FMRIB's diffusion toolbox (FDT v2.0; http://fsl.fmrib.ox.ac.uk/fsl/ fslwiki/FDT), and DTIFIT was used to fit a single tensor model at each voxel of the preprocessed eddy currentcorrected diffusion weighted data for reconstruction of the FA maps for each subject.
Tract-based spatial statistics of the FA images were carried out using TBSS in the FMRIB software library. For a detailed description of the methods, see https://fsl. fmrib.ox.ac.uk/fsl/fslwiki/TBSS. In this study, voxelwise group comparisons were performed using nonparametric, two-sample t-tests between the CID and HC groups after controlling for the effect of age.
result of the TBss analysis
Voxelwise nonparametric group comparisons of the skeletonized FA data revealed no significant group differences. Even when the age and sex covariates were removed (P0.05, FWE-corrected for multiple comparisons), only slightly decreased FA values were observed in the right anterior corona radiate, bilateral posterior limbs of the internal capsule, and bilateral body of the corpus callosum (P0.05, without correction). 
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